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Systemic sclerosis (SSc) is a heterogeneous autoimmune disorder characterized by excessive deposition of collagen and other extracellular matrix proteins in skin and multiple internal organs, microvascular dysfunction and humoral and cellular immune dysregulation (1) .
Uncontrolled production of collagens and other extracellular matrix (ECM) proteins by fibroblasts leads to excessive accumulation of connective tissue in various organs (1, 2) . The most apparent and almost universal clinical features of systemic sclerosis are related to the progressive thickening and fibrosis of the skin (3) . The histopathologic findings in the skin include marked thickening of the dermis with massive accumulation of dense collagen causing epidermal atrophy, and replacement of sebaceous and sweat glands as well as hair follicles. A prominent inflammatory infiltrate is often present, especially in early lesions (4, 5) . Although the pathogenesis of SSc skin changes is not completely understood, the hallmark of skin involvement is the increased content of collagen and other extracellular matrix components such as fibronectin in the dermis (1, 2) . The extent and rate of progression of tissue fibrosis is critically important in determining the clinical features and prognosis of SSc. Skin thickening correlates with both survival 6 and functional limitations in the disease (7) , and extent or severity of skin involvement correlates with an overall assessment of clinical disease severity (8) .
The primary criterion used to classify patients as either SSc with diffuse or limited cutaneous involvement is the extent and severity of skin thickening (9) . Skin involvement is the most widely used outcome measure in SSc interventional trials (10) . Currently, there is no widely accepted objective and quantitative measure of the amount of skin fibrosis in SSc for use in clinical trials to assess treatment success or disease progression and the gold standard outcome measure of skin involvement is the modified Rodnan skin score (mRSS), a semiquantitative assessment of cutaneous thickening performed by palpation and scoring of the degree of local skin thickness in 17 body surface areas (11, 12) . Studies have shown that higher skin scores correlate with worsening of internal organ involvement and higher morbidity and mortality in SSc (6) (7) (8) and, therefore, it is generally accepted that the skin score can be used as a clinical surrogate of the overall disease process (10) . Although the mRSS is accessible, noninvasive and cost-effective, it is a subjective assessment with potential inter-and intra-observer variability, which has been calculated to be 25% and 12%, respectively (13) . This variability requires the recruitment of a large number of patients to appropriately power clinical studies, a difficult task given the low incidence of the disease. Also, since the scale employed to grade the severity of skin thickening is limited to four integer values, it is difficult to quantify subtle skin changes.
Furthermore, it is not possible to differentiate fibrotic skin thickening from that resulting from edema, inflammation, vascular bed engorgement, or skin tethering (14) .
To reduce subjectivity and increase reliability, investigators have employed deviceassisted measurements such as durometry and ultrasonography (14, 15) . Although durometers provide a continuous scale and correlate with the mRSS, there is a similar inter-observer variability and a non-homogeneous sensitivity in uneven body regions (i.e. fingers, face) (15) .
As a result, none of the devices have been accepted as valid outcome measures for clinical studies.
Increased expression of the genes encoding interstitial collagens types I and III accompanied by marked elevations of the production of the corresponding proteins are the hallmark of SSc and are responsible for the pronounced abnormalities in skin and various internal organs. Given the marked increase in the production and biosynthesis of interstitial collagens in SSc, numerous studies have investigated circulating or urinary levels of collagen molecules or collagen fragments as biomarkers that may reflect the activity of the ongoing 6 fibrotic process (16) (17) (18) (19) . Although the measurements of metabolites derived from the biosynthesis and degradation of collagen are very likely a reflection of the fibrotic process, owing to the fact that most of the type I collagen in the body is present in bone, metabolites derived from this molecule would reflect, to a large extent, the remodeling and degradation of type I collagen in the skeletal system.
Another protein that has been suggested as a potential biomarker to reflect the fibrotic process in SSc is the cartilage oligomeric matrix protein (COMP). This large molecular weight pentameric protein was initially discovered as a product of articular cartilage chondrocytes and was considered to be specific for this tissue. However, more recently it has been shown that COMP is also an important fibroblast and synoviocyte product (20) and therefore it has been suggested that serum COMP may reflect fibroblast biosynthesis of extracellular matrix components. Indeed, some studies have measured serum levels of COMP and described significant correlations with the extent of skin involvement and with the severity of SSc (21) .
Increased expression of COMP was also demonstrated in skin samples from SSc patients as well as in fibroblasts cultured from these samples (22, 23) . However, the possibility that COMP originated from articular cartilage may be a component of the serum COMP being detected or, more importantly, that it may represent a product of inflamed synovium needs to be further evaluated. Thus, more extensive studies would be required to confirm the validity of measurements of collagen derived peptides and of COMP as markers of tissue fibrosis in SSc.
Histopathological quantitation of fibroblastic cells expressing α-smooth muscle actin (myofibroblasts) has been suggested as another potential biomarker of SSc skin fibrosis (24) . In this study myofibroblast content in skin correlated with clinical measures of skin disease as well as with mRSS and showed a significant reduction following treatment with cyclophosphamide. performed using a 2-tailed unpaired t-test. P values < 0.05 were considered significant.
RESULTS
Six patients with diffuse SSc (4 women, 2 men; median ± SD disease duration 8 ± 5
months, age 39 ± 11 years) were recruited for the study. The disease duration was less than six months for 4 of the 6 patients. The SSc biopsy samples were obtained from patients with early disease since this is the target population most commonly included in SSc disease modifying clinical trial studies. Skin samples from 6 healthy subjects (4 women, 2 men; age 43 ± 17 years) were used as normal controls. The relevant clinical and serological characteristics of the patients are shown in Table 1 . calculated amounts of type I collagen, type III collagen, and fibronectin were 174%, 147%, and 139% higher in SSc skin than in normal skin, respectively. All these differences were highly significant statistically. Analysis of α-SMA was of little value as the calculated IDF included, in addition to myofibroblast or activated fibroblast signals, the intense signal originating from smooth muscle cells in small arterioles or surrounding hair follicles.
The average IDF values of the 4 microscopic fields from the dermis of each of the 6 SSc skin samples and 6 normal skin samples stained for collagen I, collagen III, and fibronectin were analyzed by scatter plot (Figure 2A) . In order to obtain a comprehensive value of the amount of collagen I, collagen III, and fibronectin, we calculated and plotted the sum of the IDF values for all 3 ECM proteins as the total fibrosis score for each of the 6 SSc skin samples and 6 normal skin samples ( Figure 2B ). The average total IDF score was 28.3 x 10 6 for the SSc skin samples compared to 18.6 x 10 6 for the normal skin samples. Statistical analysis performed using a 2-tailed unpaired t-test indicated that the differences in expression were all statistically significant (p < 0.0001).
To examine whether the fibrosis score obtained as described above is static over time or sensitive to change we compared the fibrosis score in skin biopsies from one patient with diffuse SSc before and following 12 months of treatment with MMF. The second biopsy was taken in close topographic proximity to the initial biopsy site and the ECM protein content and fibrosis score were obtained following staining for collagen I, collagen III, and fibronectin. Two representative CLSM fields of the type I collagen staining in the dermis are shown in Figure 3A and the plotted IDF values of 7 separate microscopic fields spanning the dermis are shown in Figure   3C ).
DISCUSSION
The goal of this study was to obtain an assessment of the extent of skin fibrosis in SSc patients that can be used as an objective and unbiased end point in clinical trials for SSc diseasemodifying therapeutics. We determined the amounts of three ECM proteins known to be upregulated in SSc skin employing CLSM in skin biopsies from six patients with diffuse SSc and six healthy controls. The amounts of type I collagen, type III collagen, and fibronectin were 174%, 147%, and 139% higher in SSc skin than those in normal skin, respectively. All differences were statistically significant. In order to obtain an overall assessment of the amount of dermal fibrosis and of the total amount of collagen I, collagen III, and fibronectin in the tissue, the sum of the IDF values for all 3 ECM components was calculated as a total fibrosis score for each of the samples. The total fibrosis score demonstrated a more pronounced difference between SSc and normal skin compared to the individual IDF values obtained separately for each ECM protein. This observation may be explained by differences in stage of the disease which may result in increased abundance of a particular ECM protein at certain stages of disease progression, and, therefore, a global or total fibrosis score may be more representative of the overall level of fibrosis in the tissue.
Our results also suggest that the measurements obtained might be sensitive to change over time and are not static as they displayed a highly statistically significant reduction following 12 months of oral treatment with MMF, a drug that has been recently suggested as a potentially effective antifibrotic agent (26, 27) and has been used as a disease-modifying therapy for SScassociated lung disease (28) (29) (30) (31) and diffuse cutaneous SSc of recent onset (32, 33) . Our analyses showed a statistically significant 39% reduction in total fibrosis score following treatment which demonstrates that the assessment described here is capable of detecting a difference in skin fibrosis. However, it was not possible to demonstrate a direct correlation between the fibrosis score values obtained with this procedure and the mRSS or the assessment of skin induration obtained with a durometer in a previous study (14) (data not shown). The failure to establish these correlations suggests that the parameters that are evaluated by the mRSS and durometer measurements are not the same as those being evaluated by the procedure described here. It is likely that our method is a direct measurement of the accumulation of extracellular matrix macromolecules in the tissue and indeed reflects the level of tissue fibrosis, whereas the mRSS and durometer measurements may reflect in addition to tissue fibrosis other parameters such as, for example, tissue edema, severity and extent of the inflammatory process, tissue tethering, vascular engorgement, etc.
The assessment described here is a substantial improvement compared to the qualitative histopathologic assessment performed routinely in skin biopsies. Although the demonstration of increased collagen content in SSc skin biopsies is a rather obvious finding, the relevance and importance of the results reported here is twofold. First, the values were obtained with an 13 objective and unbiased ("investigator interpretation free") method, and second, the assessment generated absolute numbers that can be used as an objective outcome measure of histopathological changes in SSc. The values obtained by analyzing and quantifying the immunofluorescence intensity are sensitive enough to clearly distinguish between fibrotic and non-fibrotic skin.
Although clinical trials are a valuable means of evaluating the effectiveness of new treatments in SSc, the lack of an objective outcome measure with appropriate end-points for measuring treatment success in this disease makes interpretation and comparison of the findings difficult. The development of an objective and reliable method of assessing the severity of skin fibrosis, therefore, would be invaluable in determining the efficacy of a given treatment in clinical trials, both by providing a method independent of the potential bias of study investigators and by allowing a reduction of the number of patients needed to achieve statistical power for the study.
The modified Rodnan skin score (mRSS) is a clinical semi-quantitative assessment of skin thickness that is currently the only outcome measure widely used in clinical trials of disease modifying agents for SSc. Although accessible and non-invasive, the mRSS has several limitations, ranging from the subjective assessment of skin palpation to the difficulty of scoring borderline skin changes and the confounding effects of the presence of edema, inflammation, or tethering and variability in skin adipose tissue. Although hydroxyproline assays would yield a precise quantification of the amount of collagen in skin, there are drawbacks that limit its applicability, including the variability in wet weight of the samples caused by the difficulty of controlling loss of water content, the confounding and variable contribution of elastin 14 hydroxyproline to the overall results, and more importantly, the inability of hydroxyproline assays to differentiate between collagen types and to evaluate fibronectin content.
We do not foresee that CLSM followed by quantitative image analysis would be widely applicable in the clinical practice setting since skin biopsies are not typically necessary to establish the diagnosis. However, this objective method may be used in clinical trials to compare the amount of tissue fibrosis before and following administration of a disease-modifying drug since two biopsies are often required as part of a clinical trial. Thus, CLSM followed by quantitative image analysis may be a sensitive tool to assess the amount of skin fibrosis in SSc.
Such analysis could be a useful endpoint for clinical trials to accurately monitor the response or progression of the disease. However, further assessment of a larger number of patients will be required to validate this procedure. 
LEGENDS FOR ILLUSTRATIONS
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KEY MESSAGES
• CLSM fibrosis score is an objective SSc skin fibrosis measurement independent from edema, inflammation, vascular engorgement, and other factors.
• CLSM fibrosis score reflects clinically relevant therapeutic effects.
